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+ (~u.~∇)~u = ~∇τ + ~f
¶6?JUWVF8)66D8S5JE?JGÄG=5;3CB8S8CE°Æ7XCEdXC>-?@6c6?3)57EFKFBg<-B5JEMKu× BDEF3C57LMTF>Ä8CG=GÄBeFBD6Bg<-X
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9f?JEdG 3)8I3C?JGW68)G GÄ576V%<-B5JEFG4G=57EN< VFEFBDU;Vd8CG8Q<T





























57GÄG=ÒCKd8CEN< TF6VdG  57>Ä3CXCLM8CEN<
6D8CG+L  CLM8CG+G&#;LMX)<=>=B8)G G=T'?@<=B5@ÀØ<-8)L°T
57>=8)66D8CGMU;Vd8 6D8CG+3C5JEW<=>-?JBDEN<-8CG s5JEKFBg<+UWV»× B6+#?8)V
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Ê8CVF>ÄGMX)3O¸F8C6D68)G°KF8 6D57EFÆ7VF8)VF>¥3C57V%±%>Ä8CEN<M<-57Vd<M6 × BDEW<=8C>}±J?@668°8CEN<->Ä8Ô6 × X)3O¸F8C6D68+KF8
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6? <-VF>ÄeFVF68)EF3C81KFBD<=8  ?JBDeF68 ﬁ 5JV3O¸'?J57G G=T'?@<=B5@ÀØ<-8)L°T
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8)GÄ<+8)E08ﬀﬁc8)<+6 × VdE KF8)G+L°X)3É?JEFBDG=LM8CGMTc5JG=G=BDeF68)GaKF8
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?JEF?J6<#W<-BDUWVF8CGP57EN<SX)<=X57ed<-8)EWVFGIGÄVF> 68¯TF>Ä57eF6DÒCLM8fKFV G=3É?@6?JBD>=8fT'?@G=G=Bﬂ  ·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Ê4× X)<-VdKF8ÓKF8Ó6?a<=VF>=edVF68)EF3C8ÓG)× 8)GÄ<ec8C?JVF3)57VFT§e'?JGÄXC8ÓG=Vd>6?aLM8CG=Vd>=8Ó8)<6 × XQ<-VFKd8#K»× VFE GÄBÆ7EF?J6



























<=8CEF3)8 68)G 'Vd3)<-VF?@<-BD57EFGKF8CGb3O¸'?JLMTFG³Kd8M±;BD<=8CGÄG=8aTd>=XCGÄ8CEN<-8)EN<ÓKF8CG 'VF3Q<-V'?@<=B57EdGb>Ä8C6? <-BD±J8CG





57VF>Ä<-?JEN< '6D8CG  57EF3Q<-BD57EFGPKF8GÄ<=>=VF3Q<-VF>Ä8bEd8  5JVF>=EFBDG=GÄ8CEN<I?JVF3CVdEF8bBDE% 57>ÄLa?@<=B57E°G=VF> 6?¥G}<->ÄVF3QÀ
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?JGÄTc8)3)<=G 8)G=G=8)EN<-B8)6G KF8I6?f<-VF>ÄeFVF68)EF3C8 <->ÄBKFBDL°8)EFG=BD57EFEF8)66D88CG}<6?<=8CEFKF?JEF3C8IUWV»× ?6?¯±75J>Ä<-BD3CBg<-X
¶ÓGC× ?J6DBÆ7EF8)>P?É±78)3b6?¥KdB>=8)3)<=B57E+K»× X)<=B>Ä8CLM8CEN< BEN<-8)>=LMXCKFB?JB>Ä8fKF8
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57VF>46 × XQ<-VFKF8 KF8S6Ø× ?JKd±J8C3Q<-B5JEMKu× VFE°G=3C?J6?JBD>=8sTF?JG=GÄB<»TF?J>4VFEaX)3C57Vd68CLM8CEN<|<-Vd>=eFVF6D8CEN< ²;·@;²7²
¿
9³× VFE§T













































Ê?aT'?J>=?JL°XQ<->ÄBG-? <-B5JE LMBEdBL°?J68¯K»× VFE ±J576VdL°8<->=B À
KFBDL°8)EFG=BD57EFEF8)6dXQ<O?JEN<VFEM8CEFGÄ8CL#eF6D8 KF8PUWV'?@<->Ä8 Tc57BDEN<-GJ68PLM5%KFÒ)68sBDEN<->=5;KFVFBg<4K'?JEdGtv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Ë6d?@TFTc5J>Ä<-8 VFEF8 BE% 57>ÄLa? <-B5JE  5JEFK'?JLM8CEN<O?@68









































KFBﬂﬁuX)>=8)>sKF8TF6VdG=B8)VF>=GP5J>=KF>Ä8CGPKF8L°?JÆ7EFBg<-VFKF8AI5JVFG ?É±757EFG KF5JEF3K'?JEFGPVFE TF>Ä8CLMB8C> <-8CLMTFG























57VF>ÓKFX)3C>ÄB>=8 6?­K%#;E'?JLMBUWVF8+KFV <-8)EFG=8)VF>¥KF8 Æ7>-?JKdB8CEN<¥KF8±;Bg<-8CGÄG=8 K'?JEFG¥6D83É?JG
K»× VFEMXC3)57VF68)L°8)EN< ¸d57L°5JÆ7ÒCEF8 8Q< BDG=5J<=>=57T
8@JLa?JBDG43C57LMLM8P57E°6D8s±78)>=>-?T'?J>46?GÄVFBD<=8 6? 57>=LM8
KF8 6 × X)3C57VF6D8CLM8CEN<¶¯Æ7>-?@EFKF8 XC3O¸F8)66D8ST












































Ê8CGsGÄ576Vd<=B57EdGKFVG #;GÄ<-Ò)L°8¯KF?JEFGs6D8:3É?@Gs56 × X)3C57VF6D8CLM8CEN<s8)GÄ<P3)BG=?JB6D6X G=57EN<PTd>=XCGÄ8CE%À
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6P6 c6 cV6 ^aSQJV=bBNPOQC _VC
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~ρ1 = (~r1 − ~r2) /
√
2
~ρ2 = (~r1 + ~r2 − 2~r3) /
√
6
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~v1 = (~u1 − ~u2) /
√
2
~v2 = (~u1 + ~u2 − 2~u3) /
√
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× 8)GÄ<SVFE+<-8)>=LM8fBEd3C57¸FX)>=8)EW<S¶Ó6 × X)3O¸F8C6D68
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I5J<=57EFGUWVF8 6 × ¸)#;T
5J<-¸FÒ)G=8|K»× BEF3)57LMTF>=8)G=G=BDeFB6DBD<=XKF86Ø× XC3)57V%À
6D8CLM8CEN< BLMTc5JG=8f6?#3C57EFKdBD<-BD57E
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Fab(p, ν) = Tr(M
















































Tr M = 0
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'6D8CG G=576DVd<-BD57EFGsKdV G&#;G}<-ÒCLM8EF8KFBD±J8C>=ÆJ8CEN<:TF?JG 8CE VdE
<-8)L°TFG(;'EdB

68 <-8)>=LM8ÔKF8ÔTF>=8)G=GÄB57EªEd8Ô<->=?É±J?@B66D8T'?JGﬀ 3)57LML°8 3C8 KF57BD<  Q<->=8Ô68 3É?@Ga8CE"<-VF>ÄeFVF68)EF3C8
¸F57LM57Æ7Ò)EF8*8)< BGÄ5J<->Ä57T





















ξ = η + ψM + α
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9f?JEFG3)8)<b?J>Ä<=B3)68#6D8CG?JVd<=8CVF>ÄG57EN<bXQ<-VFKdBXÓT'?J>¯GÄBL#Vd6?@<=B57E­EWVFLMXC>ÄBUWVF8


























































































〈ζab(ρ, t).ζcd(0, 0)〉 =
[
C/ ρab ρcd + C⊥
(
ρ2δac δbd − ρab ρcd
)]√






〈ηab(ρ, t).ηcd(0, 0)〉 = Cη ε
ρ2
(





































Ê?MTF>Ä8CLMBÒ)>=8¯E»× ?ÓT'?JG 8CE >=XC?J6Bg<-X
VFE0>&768 TF>ÄBLM57>=KFB?J68)66D8Ô3)57EN<->=BDeFVF8*¶ 6Ø× X)<-BD>=8)L°8)EW<aKFV <=X)<->=?JÒCKd>=8@KFX =¶?@G=G=Vd>=X*T'?J>a68
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= ρM + ζ
dM
dt








〈ζab(ρ, t).ζcd(0, 0)〉 =
[
C/ ρab ρcd + C⊥
(
ρ2δac δbd − ρab ρcd
)]√
Tr (MM t) δ(t)
〈ηab(ρ, t).ηcd(0, 0)〉 = Cη ε
ρ2
(














57>Ä<-?JEN<¥KF8 Ed5J<-8)>°UWVF8Ô3C8 LM5;KFÒC6D8+8CGÄ<aTF¸FX)EF57LMXCEF576D57Æ7BDU;Vd8@457E ? KF57Ed3Ô<-5JVd<-8
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P (M, ρ, t)
¿ 7
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P (M |ρ) ¿


















































































































 〈. . .〉ρ ≡
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8CEdG=X¯EF57E+TF?JGsT'?J> VFE<-8)>=LM8fKF8fKdBG=GÄBT'? <-B5JE°±;BGÄU;Vd8CVFGÄ8@FL°?JBG T'?J> 68I<=8C>ÄL°8
KF8:KdBG=GÄBT'? <-B5JEMGÄ57VFGvÀËL°?JB6D68





































α 〈Tr(V V tM)〉 ρ ¿
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E%;'EF43C57LML°8+5JE"6 × ? ±;V Td>=XC3)XCKF8)L°LM8CEN<4Tc57Vd>MT
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GÄ57EN<fKF8)G:BEN<=XCÆ7>=?@<-BD57EFG KF8³3O¸d8CLMBE'ﬀ3J× 8CG}<ÄÀË¶ ÀËKFBD>=8
UWVF8 6Ø× 57E KF57Bg<¥BEN<-X)Æ7>=8)>



















































S(M ′′; ρ′′) +



























r<L (r dans la zone inertielle)
(  ’, M’)
échelle intégrale:
Tr (     ) = r²
(  , M)
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Ë6'GÄ8CL#eF6D8IKd57EF3SEFXC3)8CG=G=?JB>Ä8IKF?JEFGVFEaTF>Ä8CLMB8)>ﬂ<-8CLMTFGKF8S3C57LMTF>=8)EFKF>Ä8I6 × 57>ÄBÆ7BDEF8sKF8)G 3)57EN<->ÄBgÀ
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Q∗ = Q/ 〈Tr(S2)〉 
R∗ = R/ 〈Tr(S2)〉3/2 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<=>-?Ä8)3)<-5JB>=8¯5JTd<-BDLa?J6D8:K'?@EFG 68f<-8)>=LM8¯K»× ?J3)<=B57E 
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Gab,cd = C/ ρab ρcd +C⊥
(
ρ2δac δbd − ρab ρcd




ﬃ#71<$-78.&ﬂ,.0478"1&)4 "8$%!8 $ C,:&)+-! 98$-(<&EE+!
&E!
!
































              	   	




























































































ÄVFG=UWV»× ¶Ó3C8fUWVF8¯6 × X)3O¸F8C6D68IBEN<-X)Æ7>-?J6D8:GÄ57BD<s?@<=<=8CBEN<=8@d3@× 8)GÄ<}Àv¶ À
KFB>Ä8 ÄVFGÄUWV»× ¶#3)8fUWVF8
Tr (ρtρ) = L2
¿A7
E+?³?J657>ÄG 6 × 5JTFTc5JG=X:Kd8f6Ø× BEN<-X)Æ7>-?@EW<
Sc(M
′′; ρ′′) +
Tr (M ′M ′t) /ε2/3L−4/3








E­3É?J6D3CVF6D8b6D8bLMBEdBL#VFL KF8³3)8)<=<=8  57Ed3)<-BD57E
f




f ≡ − ln(PDF )
ﬃ
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57VF>#>ÄXCG=5JVFKF>=8+6D8aTF>Ä57eF6DÒCLM8aK»× 57Td<=BLMBG-? <-B5JE >ÄXCG=Vd6D<O?@EW<EF5JVFGÓ?É±757Ed3<-57Vd<#K»× ?@ec57>ÄKVd<=BgÀ
6DBG=X+6?*L°XQ<-¸F5;KF8 KFV GÄBLMTF68
Ñ
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I5JVFG#?É±75JEFG³KF5JEF3aVd<=B6DBG=X¥6 × ?J6DÆ757>ÄBD<-¸dL°8  ?JLM8CeFG=?   ²&x 
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D > 0  M =









D < 0  M =

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εb = α(εc − εcc) + εcb
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P = −(λ1 + λ2 + λ3)
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∂tAij + uk∂kAij + A
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exp[−(E2 − E1)/kT ] si E2 > E1
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